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DISCOVER SOMETHING GREAT

Reduction in Nerve Growth Factor Availability
Leads to a Conditioning Lesion-like Effect

in Sympathetic Neurons
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ABSTRACT: Axotomized peripheral neurons are
capable of regeneration, and the rate of regeneration
can be enhanced by a conditioning lesion (i.e., a lesion
prior to the lesion after which neurite outgrowth is
measured). A possible signal that could trigger the con-
ditioning lesion effect is the reduction in availability of
a target-derived factor resulting from the disconnection
of a neuron from its target tissue. We tested this hy-
pothesis with respect to nerve growth factor (NGF) and
sympathetic neurons by administering an antiserum to
NGF to adult mice for 7 days prior to explantation or
dissociation of the superior cervical ganglion (SCG) and
subsequently measuring neurite outgrowth. The antise-
rum treatment dramatically lowered the concentration
of NGF in the SCG and increased the rate of neurite
outgrowth in both explants and cell cultures. The in-
crease in neurite outgrowth was similar in magnitude to
that seen after a conditioning lesion. To determine if ex-

ogenous NGF could block the effect of a conditioning
lesion, mice were injected with NGF or cytochrome C
immediately prior to unilateral axotomy of the SCG,
and for 7 days thereafter. A conditioning lesion effect of
similar magnitude was seen in NGF-treated and control
animals. While NGF treatment increased NGF levels in
the contralateral control ganglion, it did not signifi-
cantly elevate levels in the axotomized ganglion. The
results suggest that the decreased availability of NGF
after axotomy is a sufficient stimulus to induce the con-
ditioning lesion effect in sympathetic neurons. While
NGF administration did not prevent the conditioning
lesion effect, this may be due to the markedly decreased
ability of sympathetic neurons to accumulate the
growth factor after axotomy. © 2006 Wiley Periodicals, Inc. J
Neurobiol 66: 000-000, 2006
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INTRODUCTION

Peripheral neurons are capable of axonal regeneration
following axotomy, whereas injured neurons of the
central nervous system (CNS) show little or no regen-
eration (Ramon y Cajal, 1928; Guth, 1956). It is of in-
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terest to understand the mechanisms that enable pe-
ripheral neurons to regenerate in order to identify
ways to improve this regeneration and to promote
regeneration in the CNS. An effective way to enhance
the rate of nerve regeneration in sensory and motor
neurons is to induce a lesion (i.e., a conditioning
lesion) prior in time to the lesion after which neurite
outgrowth is measured (i.e., a test lesion; McQuarrie
and Grafstein, 1973). A conditioning lesion not only
enhances peripheral nerve regeneration, but also stim-
ulates regeneration of the central branch of sensory
neurons into and within the CNS, an environment nor-
mally inhibitory to regeneration (Richardson and Verge,
1987; Neumann and Woolf, 1999).
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We recently demonstrated that like sensory and
motor neurons, sympathetic neurons exhibit an in-
crease in their rate of regeneration after a conditioning
lesion (Shoemaker et al., 2005a). This effect was seen
both following a lesion proximal to the neurons’ cell
bodies and following a distal lesion produced by tar-
get organ removal. In the present study, we asked
what the signal might be that triggered this regenera-
tive effect.

The conditioning lesion effect is one of a number
of neuronal changes that occurs as a result of axot-
omy. In general two types of signals have been post-
ulated to underlie these changes: positive signals that
are induced by the injury and promote a regenerative
response, and the elimination of negative signals orig-
inating from the peripheral target that normally exert
a constitutive inhibitory influence on regeneration.
The cytokine leukemia inhibitory factor (LIF) is an
example of one such positive factor. Though not de-
tectable in the intact nervous system, LIF mRNA is
induced following axotomy in non-neuronal cells at
the site of injury (Curtis et al., 1994; Banner and
Patterson, 1994; Sun and Zigmond, 1996b) and within
axotomized sympathetic ganglia (Sun et al., 1994,
1996a). An aspect of the neuronal response to axot-
omy, the up-regulation of gene expression of certain
neuropeptides (e.g., galanin), was attenuated in axo-
tomized sympathetic and sensory ganglia of LIF null
mice compared to those of wild-type controls (Rao
et al., 1993; Sun and Zigmond, 1996a,b). In addition,
exogenous LIF enhances regeneration of axotomized
sensory and motor axons in vivo (Tham et al., 1997,
Hart et al., 2003; Zang and Cheema, 2003). Most rele-
vant to our study, LIF null mice exhibit an attenuation
of the conditioning lesion effect observed in sensory
neurons (Cafferty et al., 2001). Nevertheless, we found
that, in sympathetic neurons, LIF is not necessary
for the conditioning lesion effect (Shoemaker et al.,
2005a).

The present study focuses on a possible negative
signal, namely, a target-derived trophic factor. Ac-
cording to the classical view of neurotrophins, they
are expressed by peripheral target tissues, are released
by these tissues, and bind to neurotrophin receptors
on peripheral nerve terminals (for review see Thoenen
and Barde, 1980). Nerve growth factor (NGF) and its
high affinity receptor trkA are endocytosed by sympa-
thetic nerve terminals and then retrogradely trans-
ported to the cell body where the signaling pathways
activated produce modifications in gene transcription
(Palmatier et al., 1984; Segal and Greenberg, 1996;
Riccio et al., 1997, 1999). Axotomy leads to discon-
nection of innervating neurons from their target tis-
sues and eliminates access of axons to target-derived
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neurotrophins (Korsching and Thoenen, 1985; Nagata
et al., 1987; Zhou et al., 1994).

The reduction of NGF availability after axotomy
has been implicated in several of the axotomy-induced
changes in gene expression in adult peripheral neu-
rons. In sympathetic neurons, administration of antise-
rum to NGF (anti-NGF) to unoperated animals in-
creases expression of galanin, vasoactive intestinal
peptide, and activating transcription factor 3 (ATF3;
Shadiack et al., 1998, 2001; Hyatt Sachs et al., 2005)
and decreases expression of neuropeptide Y, tyrosine
hydroxylase, and the low affinity neurotrophin recep-
tor p75 (Zhou and Rush, 1996; Shadiack et al., 2001;
Hyatt Sachs et al., 2005). In sensory neurons, the
changes produced by anti-NGF include increased ex-
pression of galanin, vasoactive intestinal peptide,
c-jun, and damage-induced neuronal endopeptidase
(Gold et al., 1993; Shadiack et al., 2001; Kato et al.,
2002; Csillik et al., 2003) and decreased expression of
substance P and calcitonin gene-related peptide
(Shadiack et al., 2001). In addition, the expression of
certain axotomy-induced genes (e.g., galanin and ATF3)
in sympathetic and sensory neurons is attenuated by
the administration of exogenous NGF (Verge et al.,
1995; Shadiack et al., 2001; Averill et al., 2004). To-
gether, these experiments suggest that NGF functions
as a negative factor that is capable of inhibiting axot-
omy-induced changes in gene expression.

We hypothesize that reduction of NGF in neurons
not only induces changes in the expression of genes
associated with axotomy, but ultimately results in
events that stimulate peripheral nerve regeneration. In
support of this hypothesis, previous studies using
colchicine or vinblastine treatment to block axonal
transport suggest that the reduction in an unidentified
target-derived factor induces an increase in sensory
neurite outgrowth subsequently measured in vitro
(White et al., 1996; Smith and Skene, 1997). The
present study examines whether the reduction in
NGF availability induces a regenerative response in
sympathetic neurons of the mouse superior cervical
ganglion (SCG).

To reduce levels of NGF available to sympathetic
neurons, daily injections of anti-NGF were adminis-
tered. The regenerative potential of sympathetic neu-
rons was assessed by measuring neurite outgrowth in SCG
explants and dissociated cell cultures. We have re-
cently characterized the increased rate of outgrowth
by sympathetic neurons following axotomy 1 week
prior to explantation or dissociation of the SCG
(Shoemaker et al., 2005a). For comparison purposes,
in the present experiments the levels of NGF in the
ganglion were reduced by administration of NGF
antiserum for 1 week prior to explantation or dissoci-



ation. In addition, we determined whether the admin-
istration of NGF following axotomy in vivo would
eliminate or reduce the conditioning lesion effect
induced by axotomy. Portions of these data have
been presented in abstract form (Shoemaker et al.,
2005b).

MATERIALS AND METHODS

Animal Injections

Adult (8 weeks) male C57BL/6] mice (Jackson Labs, Bar
Harbor, ME) were used for all experiments. Over a 7 day
period, mice received daily intraperitoneal (IP) injections
of anti-NGF (obtained from J. Diamond; see Diamond
et al., 1987; Gloster and Diamond, 1992) given at one of
two doses referred to as the lower dose (2.5 pl/g) or the
higher dose (7.5 pL/g). Control animals were injected with
normal sheep serum (NSS; Sigma-Aldrich Co., St. Louis,
MO) given at the higher dose only (7.5 pL/g). Anti-NGF
and NSS were diluted with 0.9% saline for a total injection
volume of 10 uL/g body weight. After 7 days of injections,
ganglia were removed and explanted (low anti-NGF, n = 5;
high anti-NGF, n = 10; NSS, n = 10), dissociated (high
anti-NGF, n = 7; NSS, n = 6), or frozen for detection of
NGF protein levels using enzyme-linked immunosorbant
assay (ELISA; low anti-NGF, n = 6; high anti-NGF, n = 6;
NSS, n = 6). An additional group of mice that were not in-
jected but had their SCG axotomized unilaterally were in-
cluded in the explant and ELISA experiments (see below).

In a separate set of experiments, mice received daily IP
injections of NGF (Mouse Natural 5-NGF; Austral Biologi-
cals, San Ramon, CA) or cytochrome C (Sigma-Aldrich
Co.) given at 1 pg/g body weight for 7 days. Both NGF and
cytochrome C were reconstituted in 0.1 M phosphate buf-
fered saline (PBS) at a concentration of 0.1 ug/ulL and a
total injection volume of 10 uL/g body weight was adminis-
tered. Immediately after the first injection of NGF or cyto-
chrome C, mice were anesthetized and underwent a unilat-
eral axotomy of the postganglionic nerves of the SCG (see
below). Mice received six additional daily injections of
NGF or cytochrome C. The day following the last injection,
SCG were dissected and explanted (NGF, n = 8; cyto-
chrome C, n = 10) or frozen for detection of NGF protein
by ELISA (NGF, n = 5; cytochrome C, n = 5).

Animal Surgeries

Mice were anesthetized with an IP injection of ketamine
(80 mg/kg) and xylazine (16 mg/kg). Unilateral axotomy
was performed by transecting the postganglionic external
and internal carotid nerves. The postganglionic nerves of
the SCG on the contralateral side were exposed but not
injured providing a sham-operated control ganglion. One
week following surgery, ganglia were dissected and ex-
planted (axotomy, n = 5; sham-operated, n = 5) or frozen
for detection of NGF levels by ELISA (axotomy, n = 5;
sham-operated, n = 6).
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SCG Explantation

One week following nerve injury or injections, mice were
sacrificed by CO, inhalation. SCG were removed and
explanted in 7.5 pL. Matrigel (solubilized basement mem-
brane from EHS mouse sarcoma cells; Becton Dickinson,
Franklin Lakes, NJ) using F12 medium (Invitrogen, Carls-
bad, CA) containing 5 mg/mL bovine serum albumin,
5 pg/mL insulin, 10 U/mL penicillin, 10 pg/mL strepto-
mycin, 0.63 pug/mL progesterone, 8.8 pg/mL putrescine,
0.005 pg/mL selenium, and 100 pug/mL transferrin as de-
scribed in Shoemaker et al. (2005a). NGF was not added
to the medium. Phase-contrast images of neurite outgrowth
from each SCG were captured at 6, 12, 18, 24, and 48 h af-
ter explantation using an Axiovert 405M microscope (10X
magnification). Following imaging at 48 h, SCG were fixed
with 4% paraformaldehyde for 1 h. In order to obtain opti-
mal visualization of the neuronal processes in the fixed
explants, immunohistochemistry for SIII tubulin-immunor-
eactivity was performed in fixed whole-mount SCG follow-
ing the procedure of Shoemaker et al. (2005a).

Explant Analysis

Neurite outgrowth was assessed using Metamorph software
(version 4.6; Universal Imaging Corporation, Downington,
PA) as described previously (Shoemaker et al., 2005a). At
each time point described above, the distances between the
edge of the ganglion and the leading tip of the furthest five
processes observed in phase microscopic images were
measured in each explant. A minimum of four ganglia was
included for each experimental group. The mean * stand-
ard error of the mean of the five longest neurites is shown
for each treatment group. In two experiments, results were
obtained also from measuring the 30 longest processes and
the data were compared to those obtained from measuring
the five longest processes. The shapes of the growth curves
for each experimental group were nearly identical using the
two methods, and the statistical significance of differences
between groups was the same.

The rate of elongation and the delay in the initiation of
neurite outgrowth (initial delay) were determined from a
regression analysis in which the data were fit to a straight
line. Regression coefficients revealed a linear correlation
(* > 0.95) between neurite length and time in culture. The
slope of the linear function was taken as the rate of elonga-
tion, and the intercept on the x axis as the initial delay in
outgrowth (Shoemaker et al., 2005a).

Dissociated SCG Neurons

Dissociated SCG neurons were obtained from mice after
7 days of injection with 7.5 puL/g NSS (n = 6) or anti-NGF
serum (n = 7). Mice were sacrificed by CO, inhalation,
and SCG neurons were dissociated and cultured using a
modification of the procedure described by Orike et al.
(2001a) and Shoemaker et al. (2005a). Briefly, the SCG
were removed and placed in cold Ca>*/Mg®*-free Hank’s
Balanced Salt Solution (HBSS; GIBCO/Invitrogen) buffered
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with 10 mM HEPES (Sigma-Aldrich Co.). The SCG were
desheathed, trimmed of all visible trunks, and each SCG
was cut into six small pieces. The SCG pieces were digested
at 37°C with 1 mg/mL collagenase (Sigma-Aldrich Co.) for
40 min and washed in HBSS/HEPES followed by digestion
in 1 mg/mL trypsin (Sigma-Aldrich Co.) for 10 min fol-
lowed by washing in HBSS/HEPES. Dissociation and cul-
ture of the SCG neurons was carried out in defined serum-
free Ham’s F-14 medium (JRH Biologicals, Lenexa, KS)
supplemented with 0.35% Path-4-BSA (MP Biomedicals,
Inc., Aurora, OH), 60 ng/mL progesterone, 16 ug/mL pu-
trescine, 400 ng/mL L-thyroxine, 38 ng/mL sodium selenite,
340 ng/mL tri-iodothyronine, 2 mM L-glutamine, 60 pg/mL
penicillin, and 100 pug/mL streptomycin (all from Sigma-
Aldrich Co.). No growth factors or mitotic inhibitors were
included in the medium. The SCG pieces were dissociated
by trituration with a Pasteur pipette treated with Sigmacote
(Sigma-Aldrich Co.), pulled to an internal bore diameter of
0.05 to 0.1 mm, and fire polished. The dissociated neurons
were gently dispersed onto 22 mm glass coverslips coated
with 0.01% poly-L-ornithine (Sigma-Aldrich Co.) and 20 ug/
mL laminin (Roche Diagnostics Corp., Indianapolis, IN) in
six-well tissue culture plates containing 2 mL F-14 medium
such that each well contained the equivalent of one-half of
an SCG. This resulted in a low density of cells that mini-
mized any overlap of individual cells and processes. Cells
were cultured for 24 h at 37°C in 95% air/5% CO..

Immunohistochemistry and Analysis of
Dissociated SCG Neurons

Twenty-four hours after plating dissociated SCG neurons,
coverslips containing the cells were fixed in 4% parafor-
maldehyde in PBS for 20 min followed by three washes in
PBS. In order to visualize neurons and processes, the cul-
tures were labeled with anti-SIII tubulin monoclonal anti-
body (1:1000; Promega, Madison, WI) followed by CY3-
conjugated donkey antimouse IgG, F(ab’), fragment
(1:400; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA). The glass coverslips were inverted and
mounted on glass slides with Gel/Mount mounting media
(Biomeda, Foster City, CA).

Cells that were QIII tubulin-immunoreactive (GIII
tubulin-IR) were visualized on a Leitz epifluorescence
microscope (Leica Microsystems, Inc., Bannockburn, IL),
and images were captured with a Hamamatsu ORCA 100
cooled CCD camera (W. Nusbaum, Inc., McHenry, IL)
interfaced with C-imaging software (Compix, Inc., Cran-
berry, PA). Neurite length was measured from the captured
images using Metamorph software. The longest neurite
was measured from all SIII tubulin-IR cells on the glass
coverslips that had a process of at least 1.5 times the diam-
eter of the cell body and could be clearly distinguished
from any adjacent cell bodies or processes. All data are
given as mean values * the standard error of the mean.

To analyze the difference between cultured dissociated
SCG neurons from mice injected with anti-NGF or NSS,
the mean length of the longest neurite per neuron was
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determined for all the cells with processes visualized on the
coverslips for each SCG. For comparison with the explant
data, we also determined the five longest neurites from each
group of measured cells per SCG and determined the mean
length of those five processes. In addition, the distribution of
the lengths of the longest neurite per neuron was analyzed
by sorting the neurons into four ranges of neurite length: O—
99, 100-199, 200-299, and 300 pm or higher and determin-
ing the percent of the total cells with processes for each
SCG that were in each range. The percentage of SIII tubu-
lin-IR cell bodies that contained a neurite at least 1.5 times
the diameter of the cell body was determined for each SCG
for both treatment groups.

Extraction and Quantification of NGF
Protein

Individual ganglia were homogenized in 40 uL lysis buffer
containing 137 mM NaCl, 20 mM Tris HCI (pH 8.0), 1%
Igepal, 10% glycerol, 1 mM phenylmethylsulphonylfluor-
ide, 10 pug/mL aprotinin, 1 pg/mL leupeptin, and 0.5 mM
sodium vanadate. Total protein concentrations in lysates
were determined using a Micro Bicinchoninic Acid (BCA)
Protein Assay Kit (Pierce, Rockford, IL). Each ganglion
yielded approximately 25 ug of total protein.

NGF protein levels were assessed in each sample by a
two site ELISA using an NGF Emax ImmunoAssay System
according to the manufacturer’s instructions (Promega).
Sample lysates (0.1-1.5 pg protein) and NGF standards
(ranging from 7.8 to 250 pg/mL) were loaded in duplicate
and, following the immunoassay procedure, absorbances at
450 nm were measured for each well on a Vy,x microplate
reader (Molecular Devices, Sunnyvale, CA). Sample NGF
protein concentrations were calculated from the standard
curve using SOFTmax PRO software (version 3.0; Molecu-
lar Devices). The sensitivity of the assay was defined by an
absorbance value two times the blank, giving a sensitivity of
15.6 pg/mL. NGF protein in SCG lysates is presented as pg
NGF/ug protein.

Statistical Analysis

Comparisons between groups were analyzed by performing
a Student’s ¢ test or, where indicated, a one-way analysis
of variance (ANOVA) followed by a multiple comparisons
test using the Student-Newman-Keuls method.

RESULTS

Following the administration of the lower dose of
anti-NGF, neurite outgrowth from the SCG was en-
hanced after 48 h in explant culture [Fig. 1(C)] com-
pared with that seen in ganglia isolated from mice in-
jected with NSS [Fig. 1(A)]. A similar enhancement
of neurite outgrowth was observed following injec-
tions of the higher dose of anti-NGF [Fig. 1(D)].



Figure 1 Effect of antiserum to NGF (anti-NGF) or axot-
omy on sympathetic neurite outgrowth. Adult mice received
daily injections of a low dose of anti-NGF (2.5 uL/g), a high
dose of anti-NGF (7.5 uL/g), or normal sheep serum (NSS;
7.5 uL/g) for 1 week prior to explantation of SCG in Matri-
gel. Montaged photomicrographs of SIII tubulin-immunore-
active fibers in SCG explants show that sympathetic neurite
outgrowth was enhanced 48 h after explantation of ganglia
from mice injected with low (C) or high (D) anti-NGF com-
pared to that of ganglia isolated from mice injected with
NSS (A). Ganglia axotomized 1 week prior to explantation
(E) show increased neurite outgrowth at 48 h after explanta-
tion compared to sham-operated ganglia (B). Scale bar =
100 pm.

This increase in neurite outgrowth was comparable
to that observed when SCG axotomized 1 week prior
to explantation [Fig. 1(E)] were compared to ganglia
from sham-operated mice [Fig. 1(B)]. Neurite length
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was quantified at 6, 12, 18, 24, and 48 h following
explantation. Ganglia injected with either the lower
dose or higher dose of anti-NGF showed a significant
increase in neurite length compared to ganglia iso-
lated from mice injected with NSS at all time points
examined except 6 h (Fig. 2). As shown previously
(Shoemaker et al., 2005a), ganglia explanted 1 week
after axotomy also showed a significant increase in
neurite length compared to that of sham-operated
ganglia at all time points measured (Fig. 2). Estima-
tion of the rate of neurite outgrowth from a regres-
sion analysis showed a significant two-fold increase
in the rate of outgrowth from ganglia isolated from
mice receiving injections of the lower dose (400 =*
47 pm/day) and the higher dose of anti-NGF (436 =
61 pm/day) compared with that of ganglia from NSS-
injected animals [211 *= 20 wm/day; Fig. 3(A)]. A
similar increase in rate of outgrowth was observed in
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Figure 2 Effect of anti-NGF or axotomy on sympathetic
neurite outgrowth over time. Adult mice received seven daily
injections of anti-NGF (low dose, 2.5 pL/g; high dose,
7.5 pL/g), or had their SCG axotomized unilaterally 1 week
prior to explantation of the SCG in Matrigel. Sympathetic
neurite length increased in ganglia explanted from mice
injected with low or high anti-NGF compared to ganglia iso-
lated from mice injected with NSS. n = the number of
explants included in each experimental group. Brackets indi-
cate comparisons where significant differences (p < 0.05)
were identified between treatments. The asterisks symbol
indicates comparisons where significant differences (p <
0.05) were found at all five time points examined. The
number symbol represents comparisons where significant
differences were found at all time points except 6 h. These
data show sympathetic neurons respond to both low and
high dose anti-NGF with a similar increase in neurite
length as that seen in axotomized ganglia.
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Figure 3 Effect of anti-NGF or axotomy on the rate and
delay of neurite outgrowth. The rate of outgrowth and
delay in the onset of neurite outgrowth were estimated as
described in Materials and Methods. Using one-way
ANOVA, the mean rate was shown to increase approxi-
mately twofold following anti-NGF or axotomy (A). The
mean delay decreased following axotomy, but was not sig-
nificantly changed following anti-NGF treatment (B).
Asterisks represent significant differences between the two
groups indicated by brackets (p < 0.05).

axotomized ganglia (510 = 19 pum/day) compared to
sham-operated ganglia [296 = 11 pm/day; Fig. 3(A)].
When the rate of outgrowth from ganglia isolated
from mice injected with either dose of anti-NGF was
compared to that from axotomized ganglia, no signifi-
cant differences were found. As shown previously
(Shoemaker et al., 2005a), the initial delay of out-
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growth was significantly decreased from 9.8 = 0.8 h
in sham-operated ganglia compared to 2.4 *= 0.7 h
in ganglia axotomized 1 week prior to explantation
[Fig. 3(B)]. In contrast, ganglia isolated from mice
injected with either dose of anti-NGF showed no sig-
nificant change in the initial delay of outgrowth com-
pared to that of mice injected with NSS [Fig. 3(B)].

Prior treatment with anti-NGF also increased neu-
rite outgrowth of SCG neurons in dissociated cul-
tures. Following 24 h in culture, the length of the
longest neurite of the SIII tubulin-IR cells was meas-
ured. Neurite length from neurons obtained from
anti-NGF-treated mice was significantly longer than
that from neurons from NSS-treated animals [233 =+
8.7 vs. 165 = 7.3; Fig. 4(A)]. When the five longest
neurites per SCG were measured, a 1.9-fold difference
was found between experimental and control animals
[513 = 50.3 vs. 265 £ 10.6; Figs. 4(B) and 5]. The
distribution of the length of processes was plotted. The
percentage of neurons with neurite length in the range
of 100 to 199 um was significantly greater from con-
trol neurons than from neurons obtained from anti-
NGF-treated animals, and almost all of the neurons
with processes in excess of 300 um were from the
anti-NGF-treated animals [Fig. 4(C)]. There was no
difference in the percentage of SIII tubulin-IR cells
with neurites between the anti-NGF and NSS groups
[43.6 = 3.1 vs. 47.6 = 2.1; Fig. 4(D)].

To examine whether treatment of mice with anti-
NGF or axotomy of the SCG affected the levels of
NGF in the ganglion, NGF protein concentrations
were measured using ELISA. Axotomized ganglia
exhibited a significant decrease in NGF levels com-
pared to that of sham-operated mice (0.2 = 0.2 pg
and 7.5 = 0.7 pg/ug protein, respectively). Ganglia
isolated from NSS-injected mice contained 4.9 pg/ug
NGF and this level was decreased to undetectable lev-
els in ganglia isolated from anti-NGF-injected mice.
Undetectable levels of NGF were observed in ganglia
from anti-NGF-injected mice even when the amount
of protein loaded for lysates from SCG from anti-
NGF-treated animals was six times larger than that of
lysates from SCG of NSS-injected mice (3.0 vs.
0.5 pg, respectively).

Our data indicate that the increased rate of out-
growth induced by anti-NGF is similar to that ob-
served following axotomy. If decreased NGF levels in
the SCG were required for the axotomy-induced con-
ditioning lesion effect, it might be possible to inhibit
that effect by administration of exogenous NGF. To
examine this possibility mice were injected daily for
1 week with 3-NGF (1.0 ug/g) or with a control pro-
tein, cytochrome C (1.0 ug/g), starting immediately
prior to axotomy and sham operations.
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Figure 4 Effect of anti-NGF on sympathetic neurite outgrowth from dissociated SCG neurons
after 24 h in culture. (A) The mean length of the longest neurite per neuron was significantly
greater in dissociated neurons from anti-NGF- injected mice (black bars) than in neurons from
NSS-injected mice (open bars). More than 300 neurons were measured for each treatment.
(B) The mean of the five longest neurites per animal from NSS-injected mice compared to that of
anti-NGF-injected mice. (C) Cells were subdivided into four ranges of neurite length and the per-
cent of the total number of cells in each range was determined for each treatment group. The mean
percent per treatment group was compared in each range. (D) There was no difference in the per-
centage of neurons with neurites between treatment groups. *p < 0.01, **p < 0.001.

As found in ganglia from uninjected mice, ganglia
from mice injected with cytochrome C showed a sig-
nificant increase in neurite length after axotomy at all
time points measured (Fig. 6). Exogenous NGF had
no effect on neurite length in sham-operated ganglia
compared to that in ganglia from mice injected with
cytochrome C. Axotomized ganglia from mice in-
jected with NGF showed a slight trend for a decrease
in neurite outgrowth, but no consistent differences in
the mean neurite length were found (Fig. 6).

The concentration of NGF in SCG from NGF-
and cytochrome-C-injected mice was measured by
ELISA. A significant increase in NGF protein levels
was detected in sham-operated SCG of mice treated

with exogenous NGF (13.5 = 2.0 pg/ug protein) com-
pared with those from cytochrome-C-injected mice
(8.1 £ 0.6 pg/ug protein; Fig. 7). However, no sig-
nificant difference was found in NGF levels between
axotomized ganglia from NGF-injected and control
mice (2.9 = 1.9 and 0.2 * 0.2 pg/ug protein, respec-
tively; Fig. 7).

DISCUSSION

Following axonal injury, marked physiological, mor-
phological, and biochemical changes occur in axo-
tomized peripheral neurons. In considering the types
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Figure 5 Montages of fluorescence photomicrographs of dissociated SCG neurons immunoreac-
tive for SIII tubulin. These examples are representative of the mean length of the five longest neurites
per animal [see Fig. 4(B)]. The longest process of a dissociated SCG neuron from an anti-NGF
injected mouse [515 pm; (A)] is approximately twice as long as that of a neuron from a NSS-injected
mouse [258 pm; (B)]. Arrows indicate the longest process of the neuron. Scale bar = 100 pm.

of molecular signals that might trigger such changes,
Cragg (1970) suggested that one such signal might
be reduced availability of a target-derived trophic
factor to the axotomized cell body. Initial support for
this hypothesis came from the findings of Pilar and
Landmesser (1972) and Purves (1976), that the syn-
aptic depression that occurs in autonomic ganglia af-
ter postganglionic axotomy can be elicited in intact
animals by local blockade of axonal transport. Nja
and Purves (1978) subsequently showed that synaptic
depression (and the ultrastructural changes that
accompany it) is also produced in intact preparations
after systemic administration of an antiserum against
NGF, providing evidence for the identity of one such
trophic factor. Similarly, with respect to the charac-
teristic axotomy-induced changes in gene expression
that occur in sympathetic and some sensory neurons,
certain of these changes can be produced either with
inhibitors of axonal transport (Keen et al., 1989;
Knyihar-Csillik et al., 1991a; Kashiba et al., 1992;
Zigmond et al., 1996) or with anti-NGF (Knyihar-
Csillik et al., 1991b; Gold et al., 1993; Shadiack
et al., 1998, 2001; Hyatt Sachs et al., 2005).

The first suggestion that a target-derived inhibi-
tory molecule might trigger the conditioning lesion
effect after axotomy came from the observation of
enhanced neurite outgrowth in cultured sensory neu-
rons taken from animals whose sciatic nerves had
been treated with inhibitors of axonal transport
(White et al., 1996; Smith and Skene, 1997). In appa-
rent contrast, however, Kanje et al. (1991) found that
application of the inhibitor vinblastine produced no
conditioning lesion-like effect in vivo and in fact
blocked the conditioning lesion effect produced by
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sciatic nerve crush. In the present study, we demon-
strate that treatment with NGF antiserum in vivo pro-
duces a conditioning lesion-like effect on sympathetic

2000
—@— 7d Axotomy + Cytochrome C in=35)
= - -~ - - 7d Sham + Cytochrome C (n = 3)
—CO— 7d Axotomy + NGF (n = 4)
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Figure 6 Effect of exogenous NGF on the conditioning
lesion effect induced by axotomy. The SCG was unilaterally
axotomized and 1 pg/g NGF or cytochrome C (CytoC) was
injected daily. After 1 week, axotomized and sham-operated
ganglia were explanted in Matrigel. Neurite length from
axotomized ganglia from both CytoC- and NGF-injected
mice was significantly increased compared to that from the
respective sham-operated ganglia. Ganglia from mice in-
jected with NGF exhibited no significant difference in the
conditioning lesion effect or in the neurite length of sham-
operated ganglia compared to that of animals injected with
CytoC. n = the number of explants included in each experi-
mental group.
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NGF protein (pg/ug SCG protein)

SHAM AXOT SHAM AXOT

CytoC NGF

Figure 7 NGF protein levels in the sham-operated and
axotomized SCG following exogenous NGF. The concentra-
tion of NGF in mouse SCG lysate was measured using
ELISA. The mean concentration of NGF significantly in-
creased in sham-operated ganglia of mice injected for
1 week with exogenous NGF compared to that of cyto-
chrome C (CytoC)-injected mice. No significant difference
in the concentration of NGF protein was observed between
axotomized ganglia of mice injected with NGF or CytoC.
Comparisons between groups were analyzed by performing
a one-way analysis of variance (ANOVA) followed by a
multiple comparisons test using the Student-Newman-Keuls
method. Asterisk represents a significant difference between
the two groups indicated by brackets (p < 0.05).

neurite outgrowth in both explant and dissociated
cell culture. While considerable evidence exists that
NGF promotes axonal regeneration (discussed below),
our data suggest that the reduction in NGF availability
after axotomy functions as a signal to trigger regener-
ation.

Role of NGF and Axotomy in Sympathetic
Neuron Survival

The role of NGF in the functioning of sympathetic
and some sensory neurons is well known to vary de-
pending on the stage of maturity of the organism.
Developing sympathetic neurons require NGF for
survival, and extensive neuronal cell death occurs
following treatment of neonatal animals with an anti-
serum against NGF (Levi-Montalcini and Booker,
1960), following culturing of neonatal neurons in the
absence of NGF (Levi-Montalcini and Angeletti,
1963; Chun and Patterson, 1977), or in mice in
which the genes for NGF or its receptor trkA have
been knocked out (Crowley et al., 1994; Smeyne
et al.,, 1994). While some cell loss also occurs in
adult sympathetic neurons after prolonged NGF de-
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privation in vivo and while there is marked atrophy
of the cell soma under these conditions, many neu-
rons survive in the adult (Angeletti et al.,, 1971;
Bjerre et al., 1975; Gorin and Johnson, 1980; Ruit
et al., 1990). Cultured adult sympathetic neurons are
also much less dependent on NGF than are neonatal
sympathetic neurons (Johnson, 1983; Orike et al.,
2001b; Shoemaker et al., 2005a; Fig. 4).

In vivo, sympathetic neurons obtain most of their
NGF from their target tissues as evidenced by the ex-
istence of a retrograde transport system for the neu-
rotrophin (Hendry et al., 1974; Stockel et al., 1974),
by the accumulation of the factor distal to an axonal
ligature (Korsching and Thoenen, 1983; Palmatier
et al., 1984), and by the substantial decrease in gan-
glionic NGF levels after surgical and chemical axot-
omy (Korsching and Thoenen, 1985; Zhou et al.,
1994; Nagata et al., 1987; present study). Decreased
NGF availability is thought to be the main cause of
the rapid neuronal cell death that occurs after axot-
omy of neonatal SCG (Hendry, 1975; Snider et al.,
1992). Significant cell loss also occurs in adult gan-
glia after a prolonged period of time following axot-
omy (Purves, 1975) or following transection ex-
tremely close to their cell bodies (Hou et al., 1998);
however, many neurons survive and successfully
reinnervate their target tissues (e.g., Langley, 1895;
Purves and Thompson, 1979).

While target tissues are the main source of NGF
for sympathetic neurons, they are not necessarily the
only sources. In fact, after axotomy, NGF expression
increases in Schwann cells in the distal stump of the
sciatic nerve (Bandtlow et al., 1987; Heumann et al.,
1987; Raivich et al., 1991). It was originally pro-
posed by Johnson and colleagues that the up-
regulations of NGF expression and of the low affinity
neurotrophin receptor by Schwann cells after axo-
tomy were part of a mechanism that led to the neuro-
trophin being “transferred to the NGF receptors of
regenerating axons” and to the promotion of regener-
ation (Taniuchi et al., 1986, p 4097). However, to
our knowledge, there is no evidence NGF produced
by denervated Schwann cells promotes peripheral
nerve regeneration. In fact, it is of interest that axo-
tomized sensory neurons decrease their high affinity
binding sites for and their retrograde transport of
NGF (Verge et al., 1989; Raivich et al., 1991). What-
ever sources of NGF might be available to the regen-
erating sympathetic neuron, our data indicate only
low levels remain in the SCG after axotomy or after
treatment with anti-NGF. It is also noteworthy that
sympathetic neurons, like sensory neurons, decrease
their expression of mRNA for both trkA and the low
affinity neurotrophin receptor p75 after axotomy
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(Verge et al., 1992; Boeshore et al., 2004), suggest-
ing a decrease in the neurons’ ability to utilize NGF
even if it were available.

Effects of NGF on Sympathetic Neurite
Outgrowth and Regeneration

The effect of NGF on neurite outgrowth in adult
sympathetic and sensory neurons has been controver-
sial. It has been suggested that exogenous NGF pro-
motes regeneration of axotomized sympathetic neu-
rons (Bjerre et al., 1973; Aloe et al., 1985); however,
these studies have depended on visualizing regener-
ating neurons by catecholamine fluorescence. The
interpretation of such experiments is complicated by
the facts that axotomy decreases and NGF increases
catecholamine biosynthesis (e.g., Paravicini et al.,
1975; Federoff et al., 1992). Administration of NGF
in nerve conduits has been shown to increase regen-
eration of sensory neurons from the transected sciatic
nerve (Rich et al., 1989; Lee et al., 2003) and dorsal
roots (Houle and Johnson, 1989), although it has
been proposed that this may represent an indirect
effect on regeneration via an effect on non-neuronal
cells (Raivich et al., 1991; Houle, 1992; Mohiuddin
et al., 1999). In contrast, other studies found that ex-
ogenous NGF has no effect on regeneration of sen-
sory neurons (Saunders, 1972; Rich et al., 1984) or
in fact delayed their regeneration (Gold, 1997; Young
et al., 2001; Hirata et al., 2002). In related studies, it
has been shown that exogenous NGF provided to axo-
tomized sensory neurons decreased the induction of
growth-associated protein-43 (Mohiuddin et al., 1999;
Hirata et al., 2002), a structural protein whose expres-
sion is correlated with axon regeneration (Skene and
Willard, 1981) and is required for neurite outgrowth
(Jap Tjoen San et al., 1992).

If endogenous NGF played an important role in re-
generation, one would expect that anti-NGF would in-
hibit peripheral nerve regeneration. However, studies on
both sympathetic and sensory neurons indicate that
regeneration is unaffected by anti-NGF under conditions
in which collateral sprouting is inhibited (Diamond
et al., 1987, 1992; Gloster and Diamond, 1992, 1995;
Doubleday and Robinson, 1995). Our data extend these
findings by demonstrating that anti-NGF actually trig-
gers a propensity for regeneration in otherwise uninjured
sympathetic neurons and suggest that the reduction in
NGF availability after axotomy is sufficient to trigger
the conditioning lesion effect.

In an attempt to determine whether a reduction in
NGF levels was necessary for the elicitation of a
conditioning lesion effect, NGF was administered to
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animals whose SCG was axotomized unilaterally.
While the growth factor treatment increased NGF
levels substantially in the contralateral control SCG,
there was no significant increase in NGF levels in
the axotomized SCG. This finding raises the possibil-
ity that most of the uptake of NGF by the intact SCG
after systemic administration occurs via their sympa-
thetic nerve terminals, which degenerate after axot-
omy. Uptake of NGF directly by the sympathetic cell
bodies in both the intact and axotomized ganglion
may be blocked by a blood-ganglion barrier (Depace,
1982; Chau and Lu, 1995), although existence of such
a barrier in the SCG has been questioned (Jacobs,
1977; Arvidson, 1979). An additional factor limiting
uptake by the axotomized ganglion may be the de-
creased expression of NGF receptors, both trkA and
p75, that occurs after axotomy (Boeshore et al.,
2004). Whether successfully increasing the concentra-
tion of NGF in the axotomized ganglion would pre-
vent the conditioning lesion effect or whether other
axotomy-induced changes (e.g., the increased expres-
sion of cytokines) would be sufficient to maintain the
regenerative response remains to be determined.

As with the in vivo data, the extent of the depend-
ence on NGF of neurite outgrowth from adult sympa-
thetic neurons in culture has varied in different stud-
ies. Campenot (1981) found that after neonatal sym-
pathetic neurons had been maintained in culture for
20 days in the presence of NGF, they could regener-
ate neurites following neuritotomy in the absence of
NGF, although the density of neurites formed was
higher in the presence of NGF. Orike et al. (2001b)
found that when adult rat sympathetic neurons were
placed in culture only 8% of them produced proc-
esses in the absence of NGF, while 54% did in the
presence of NGF. In apparent contrast, we have found
that greater than 40% of adult mouse sympathetic
neurons produce processes in the absence of exoge-
nous NGF (Fig. 4; Shoemaker et al., 2005a). In ex-
plants of adult rat SCG, Niwa et al. (2002) reported
very little fiber outgrowth into collagen and marked
stimulation following addition of NGF; however, in
our study, substantial neurite outgrowth occurs in
Matrigel in the absence of added NGF (Figs. 1 and 2;
Shoemaker et al., 2005a).

One important distinction in studying neurite out-
growth is that made between neurite elongation and
neurite branching. Smith and Skene (1997) classified
process outgrowth from dissociated sensory neurons
as either “branching” or “elongating”. The authors
found that a conditioning lesion prior to dissociation
of sensory ganglia increased the “elongating” popula-
tion of neurons. These results are similar to those in
our study in which we showed an increase in the rate



of neurite elongation following a conditioning lesion.
In vitro, NGF promotes branching and has no effect
on elongation of adult sensory neurons (Yasuda et al.,
1990; Gavazzi et al., 1999). Recently, Glebova and
Ginty (2004) suggested a similar role for NGF in
developing sympathetic neurons. Using NGF/Bax null
mice, they showed that sympathetic neurons extend
axons towards their targets in the absence of NGF;
however, axons fail to innervate and form synaptic
terminals within the targets. Altogether, these studies
support the idea that sprouting, branching, and target
innervation require NGF, but that the process of elon-
gation of axons is NGF-independent.

Interpretation of the results observed with anti-
NGF treatment relies on the specificity of antibody
to NGF and the efficiency of anti-NGF in inhibiting
NGF signaling. The specificity of anti-NGF has been
assessed in vitro by showing the antiserum to NGF
used in the present study blocks neurite outgrowth
promoting effects of NGF and neurotrophin-3 (NT-3),
but not brain derived neurotrophin factor on neonatal
sensory neurons (Van der Zee et al., 1995). Thus, we
cannot rule out the possibility that part of the effect of
the antiserum might be via inhibition of NT-3 action.
NT-3 is retrogradely transported by sympathetic neu-
rons (Zhou et al., 1997) and is required for survival of
sympathetic neurons during development (Ernfors
et al.,, 1994, 1995; Zhou and Rush, 1995; ElShamy
et al., 1996; Tafreshi et al., 1998; Francis et al.,
1999). Little is known about the actions of NT-3 on
sympathetic axon outgrowth, though the neurotrophin
has been found to enhance neurite outgrowth in
adult SCG explanted in a collagen gel (Niwa et al.,
2002) and has been proposed to function in proximal
axon extension in developing sympathetic neurons
(Glebova and Ginty, 2005).

The conditioning lesion response observed after
cutting the internal and external carotid nerves was
comprised of both an increase in the rate of neurite
outgrowth and a decrease in the delay prior to out-
growth (Shoemaker et al., 2005a). In contrast, anti-
NGF treatment increased the rate of outgrowth but
did not change the initial delay. This lack of a
change in delay was similar to sympathetic neurons’
response to a distal conditioning lesion (i.e., removal
of a target tissue; Shoemaker et al., 2005a). While
the basis behind this difference in the regulation of
delay is unclear, it has been observed in a number of
studies that the cell body response to a proximal
lesion can differ from that to a distal lesion (e.g.,
Lieberman, 1971; Doster et al., 1991). Our data sug-
gest some, as of yet undetermined, aspect of the
proximal lesion influences neurons to begin to extend
neurites earlier than is seen in neurons in ganglia
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from sham-operated mice, distally lesioned mice, or
anti-NGF-treated mice.

As in neurons from SCG explants, dissociated
SCG neurons from mice pretreated with anti-NGF
also showed an increase in mean neurite length. The
fact that anti-NGF selectively affected the percentage
of neurons with the longest neurites (i.e., longer than
300 pm; Fig. 5) suggests that not all sympathetic neu-
rons were affected equally. Interestingly, we have re-
cently found that another effect of anti-NGF treat-
ment, namely the induction of ATF3 immunoreactiv-
ity, also takes place in a subpopulation of SCG
neurons following anti-NGF treatment (Hyatt Sachs
et al., 2005). It is not known whether the affected neu-
rons project to a particular target and, for some rea-
son, are more sensitive to anti-NGF treatment or
whether the concentration of anti-NGF used is not
producing a maximal effect.

Possible Mechanisms Underlying the
Effects of Reduction of NGF Availability

It is of interest to understand the signaling down-
stream of NGF that inhibits the regenerative mode of
neurons in intact adult neurons, for example whether
it involves activation of trkA or p75. It is noteworthy
that the activation of p75 by exogenous brain derived
neurotrophic factor has been shown to inhibit neurite
outgrowth in neonatal sympathetic cultures, whereas
inhibition of p75 by the addition of a function-block-
ing antibody dramatically enhanced the density of
NGF-induced neurite outgrowth (Kohn et al., 1999).
The inhibitory effects of p75 activation on neurite
outgrowth are also supported in in vivo studies show-
ing that p75-null mice exhibit enhanced NGF-induced
sprouting of sympathetic axons (Walsh et al., 1999).
It would be of interest to inhibit p75 in adult sympa-
thetic neurons prior to axotomy and then examine the
effect on sympathetic neurite outgrowth. We propose
that the interaction of NGF and p75 may inhibit sym-
pathetic neurons from entering a regenerative mode
and predict that inhibition of NGF binding to p75
would induce a conditioning lesion-like effect.

An additional major question to be answered is
what biochemical changes produced by neurotrophin
withdrawal are critical for the increased regenerative
response observed in sympathetic neurons. While
much is known about the mechanism of NGF action
on sympathetic neurons, much less is known about
the mechanisms induced by NGF withdrawal. PC12
cells respond to NGF withdrawal by sustained activa-
tion of the c-JUN NH2-terminal protein kinase and
p38 enzymes and inhibition of extracellular regulated
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kinases (ERKSs), changes that have been associated
with apoptosis (Xia et al., 1995). At the transcrip-
tional level, certain changes in gene expression in
developing sympathetic and sensory neurons result-
ing from NGF deprivation have been associated with
neuronal cell death (for review see Freeman et al.,
2004). Interestingly, it has been suggested previously
that there might be some overlap between gene in-
duction that is associated with neuronal cell death
during development and gene induction that is associ-
ated with regeneration in the adult (Herdegen et al.,
1997). As noted already, treatment with anti-NGF
produces certain changes in gene expression in sym-
pathetic neurons that are also seen after axotomy
(Shadiack et al., 1998, 2001; Boeshore et al., 2004),
although it seems likely that it only produces a subset
of the latter changes. At present, the functional signif-
icance of most of these changes in axon regeneration
is not known; however, one such change that may be
of interest is the increased expression of ATF3 that
occurs in neurons in the SCG both after axotomy and
after administration of anti-NGF (Hyatt Sachs et al.,
2005). Overexpression of ATF3 in neonatal SCG
explants has been shown to increase survival and neu-
rite outgrowth in NGF-deprived cultures (Nakagomi
et al., 2003), raising the possibilities that this tran-
scription factor may play a role in regeneration in
adult sympathetic neurons and may be involved in the
conditioning lesion effect.

We thank Dr. Mireya Diaz-Insua for her statistical as-
sistance.

REFERENCES

Aloe L, Cozzari C, Levi-Montalcini R. 1985. Cyclocyti-
dine-induced release of nerve growth factor from mouse
submandibular glands enhances regeneration of sympa-
thetic fibers in adult mice. Brain Res 332:259-265.

Angeletti PU, Levi-Montalcini R, Caramia F. 1971. Analy-
sis of the effects of the antiserum to the nerve growth
factor in adult mice. Brain Res 27:343-355.

Arvidson B. 1979. Distribution of intravenously injected
protein tracers in peripheral ganglia of adult mice. Exp
Neurol 63:388-410.

Averill S, Michael GJ, Shortland PJ, Leavesley RC, King VR,
Bradbury EJ, McMahon SB, et al. 2004. NGF and GDNF
ameliorate the increase in ATF3 expression which occurs
in dorsal root ganglion cells in response to peripheral nerve
injury. Eur J Neurosci 19:1437-1445.

Bandtlow CE, Heumann R, Schwab ME, Thoenen H. 1987.
Cellular localization of nerve growth factor synthesis by in
situ hybridization. EMBO J 6:891-899.

Banner LR, Patterson PH. 1994. Major changes in the
expression of the mRNAs for cholinergic differentiation

Journal of Neurobiology. DOI 10.1002/neu

factor/leukemia inhibitory factor and its receptor after
injury to adult peripheral nerves and ganglia. Proc Natl
Acad Sci USA 91:7109-7113.

Bjerre B, Bjorklund A, Mobley W. 1973. A stimulatory
effect by nerve growth factor on the regrowth of adre-
nergic nerve fibres in the mouse peripheral tissues after
chemical sympathectomy with 6-hydroxydopamine. Z
Zellforsch Mikrosk Anat 146:15-43.

Bjerre B, Wiklund L, Edwards DC. 1975. A study of the
de- and regenerative changes in the sympathetic nervous
system of the adult mouse after treatment with the anti-
serum to nerve growth factor. Brain Res 92:257-278.

Boeshore KL, Schreiber RC, Vaccariello SA, Hyatt Sachs H,
Salazar R, Lee J, Ratan RR, et al. 2004. Novel changes in
gene expression following axotomy of a sympathetic gan-
glion: a microarray analysis. J Neurobiol 59:216-235.

Cafferty WBJ, Gardiner NJ, Gavazzi I, Powell J, McMahon
SB, Heath JK, Munson J, et al. 2001. Leukemia inhibitory
factor determines the growth status of injured adult sen-
sory neurons. J Neurosci 21:7161-7170.

Campenot RB. 1981. Regeneration of neurites on long-
term cultures of sympathetic neurons deprived of nerve
growth factor. Science 214:579-581.

Chau YP, Lu KS. 1995. Investigation of the blood-ganglion
barrier properties in rat sympathetic ganglia by using lan-
thanum ion and horseradish peroxidase as tracers. Acta
Anat 153:135-144.

Chun LLY, Patterson PH. 1977. Role of nerve growth factor
in the development of rat sympathetic neurons in vitro.
Survival, growth, and differentiation of catecholamine pro-
duction. J Cell Biol 75:694-704.

Cragg BG. 1970. What is the signal for chromatolysis? Brain
Res 23:1-21.

Crowley C, Spencer SD, Nishimura MC, Chen KS, Pitts-
Meek S, Armanini MP, Ling LH, et al. 1994. Mice lack-
ing nerve growth factor display perinatal loss of sensory
and sympathetic neurons yet develop basal forebrain
cholinergic neurons. Cell 76:1001-1011.

Cisillik B, Janka Z, Boncz I, Kalman J, Mihaly A, Vecsei L,
Knyihar E. 2003. Molecular plasticity of primary nocicep-
tive neurons: relations of the NGF-c-jun system to neurot-
omy and chronic pain. Ann Anat 185:303-314.

Curtis R, Scherer SS, Somogyi R, Adryan KM, Ip NY, Zhu Y,
Lindsay RM, et al. 1994. Retrograde axonal transport of
LIF is increased by peripheral nerve injury: correlation
with increased LIF expression in distal nerve. Neuron 12:
191-204.

Depace DM. 1982. Evidence for a blood-ganglion barrier
in the superior cervical ganglion of the rat. Anat Rec 204:
357-363.

Diamond J, Coughlin M, Macintyre L, Holmes M, Visheau B.
1987. Evidence that endogenous beta nerve growth factor
is responsible for the collateral sprouting, but not the
regeneration, of nociceptive axons in adult rats. Proc Natl
Acad Sci USA 84:6596—6600.

Diamond J, Foerster A, Holmes M, Coughlin M. 1992.
Sensory nerves in adult rats regenerate and restore sen-
sory function to the skin independently of endogenous
NGF. J Neurosci 12:1467-1476.



Doster SK, Lazano AM, Aguayo AJ, Willard MB. 1991.
Expression of the growth-associated protein GAP-43 in
adult rat retinal ganglion cells following axon injury.
Neuron 6:635-647.

Doubleday B, Robinson PP. 1995. The effect of NGF
depletion on the neurotropic influence exerted by the
distal stump following nerve transection. J Anat 186:
593-605.

ElShamy WM, Linnarsson S, Lee KF, Jaenisch R, Emfors P.
1996. Prenatal and postnatal requirements of NT-3 for
sympathetic neuroblast survival and innervation of specific
targets. Development 122:491-500.

Ernfors P, Kucera J, Lee KF, Loring J, Jaenisch R. 1995.
Studies on the physiological role of brain-derived neuro-
trophic factor and neurotrophin-3 in knockout mice. Int
J Dev Biol 39:799-807.

Ernfors P, Lee KF, Jaenisch R. 1994. Target derived and
putative local actions of neurotrophins in the peripheral
nervous system. Prog Brain Res 103:43-54.

Federoff HJ, Geschwind MD, Geller Al, Kessler JA. 1992.
Expression of nerve growth factor in vivo from a defective
herpes simplex virus 1 vector prevents effects of axotomy
on sympathetic ganglia. Proc Natl Acad Sci USA 89:
1636-1640.

Francis N, Farinas I, Brennan C, Rivas-Plata K, Backus C,
Reichardt L, Landis S. 1999. NT-3, like NGF, is
required for survival of sympathetic neurons, but not
their precursors. Dev Biol 210:411-427.

Freeman RS, Burch RL, Crowder RJ, Lomb DJ, Schoell
MC, Straub JA, Xie L. 2004. NGF deprivation-induced
gene expression: after ten years, where do we stand?
Prog Brain Res 146:111-126.

Gavazzi I, Kumar RDC, McMahon SB, Cohen J. 1999.
Growth responses of different subpopulations of adult sen-
sory neurons to neurotrophic factors in vitro. Eur J Neuro-
sci 11:3405-3414.

Glebova NO, Ginty DD. 2004. Heterogeneous requirement
of NGF for sympathetic target innervation in vivo. J Neu-
rosci 24:743-751.

Glebova NO, Ginty DD. 2005. Growth and survival signals
controlling sympathetic nervous system development. Annu
Rev Neurosci 29:101-222.

Gloster A, Diamond J. 1992. Sympathetic nerves in adult
rats regenerate normally and restore pilomotor function
during an anti-NGF treatment that prevents their collat-
eral sprouting. J] Comp Neurol 326:363-374.

Gloster A, Diamond J. 1995. NGF-dependent and NGF-
independent recovery of sympathetic function after chemi-
cal sympathectomy with 6-hydroxydopamine. J Comp
Neurol 359:586—-594.

Gold BG. 1997. Axonal regeneration of sensory nerves is
delayed by continuous intrathecal infusion of nerve
growth factor. Neurosci 76:1153-1158.

Gold BG, Storm-Dickerson T, Austin DR. 1993. Regula-
tion of the transcription factor c-JUN by nerve growth
factor in adult sensory neurons. Neurosci Lett 154:129—
133.

Gorin PD, Johnson EM Jr. 1980. Effects of long-term
nerve growth factor deprivation on the nervous system

NGF and the Conditioning Lesion Effect 13

of the adult rat: an experimental autoimmune approach.
Brain Res 198:27-42.

Guth L. 1956. Regeneration in the mammalian peripheral
nervous system. Physiol Rev 36:441-478.

Hart AM, Wiberg M, Terenghi G. 2003. Exogenous leu-
kaemia inhibitory factor enhances nerve regeneration af-
ter late secondary repair using a bioartificial nerve con-
duit. Br J Plast Surg 56:444—450.

Hendry IA. 1975. The response of adrenergic neurones to
axotomy and nerve growth factor. Brain Res 94:87-97.
Hendry IA, Stockel K, Thoenen H, Iversen LL. 1974. The
retrograde axonal transport of nerve growth factor. Brain

Res 68:103-121.

Herdegen T, Skene P, Bahr M. 1997. The c-jun transcrip-
tion factor-bipotential mediator of neuronal death, sur-
vival and regeneration. Trends Neurosci 20:227-231.

Heumann R, Korsching S, Bandtlow C, Thoenen H. 1987.
Changes of nerve growth factor synthesis in nonneuronal
cells in response to sciatic nerve transection. J Cell Biol
104:1623-1631.

Hirata A, Masaki T, Motoyoshi K, Kamakura K. 2002. In-
trathecal administration of nerve growth factor delays
GAP 43 expression and early phase regeneration of adult
rat peripheral nerve. Brain Res 944:146—-156.

Hou XE, Lundmark K, Dahlstrom AB. 1998. Cellular reac-
tions to axotomy in rat superior cervical ganglia includes
apoptotic cell death. J Neurocytol 27:441-451.

Houle JD. 1992. Regeneration of dorsal root axons is
related to specific non-neuronal cells lining NGF-treated
intraspinal nitrocellulose implants. Exp Neurol 118:133—
142.

Houle JD, Johnson JE. 1989. Nerve growth factor (NGF)-
treated nitrocellulose enhances and directs the regenera-
tion of adult rat dorsal root axons through intraspinal
neural tissue transplants. Neurosci Lett 103:17-23.

Hyatt Sachs H, Sabe A, Schreiber R, Shoemaker S,
Vaccariello S, Reed E, Zigmond R. 2005. ATF3 induc-
tion in sympathetic neurons after axotomy: role of target-
derived nerve growth factor. Program No. 28.17. Abstract
Viewer and Itinerary Planner. Washington, DC: Society
for Neuroscience. Online.

Jacobs JM. 1977. Penetration of systemically injected
horseradish peroxidase into ganglia and nerves of the au-
tonomic nervous system. J Neurocytol 6:607—618.

Jap Tjoen San ER, Schmidt-Michels M, Oestreicher AB,
Gispen WH, Schotman P. 1992. Inhibition of nerve
growth factor-induced B-50/GAP-43 expression by anti-
sense oligomers interferes with neurite outgrowth of PC12
cells. Biochem Biophys Res Commun 187:839-846.

Johnson MI. 1983. Dissociated neurons from adult rat
superior cervical ganglion show reduced NGF require-
ments in culture. Soc Neurosci Abstr 9:846.

Kanje M, Skottner A, Lundborg G, Sjoberg J. 1991. Does
insulin-like growth factor I (IGF-1) trigger the cell body
reaction in the rat sciatic nerve? Brain Res 563:285-287.

Kashiba H, Senba E, Kawai Y, Ueda Y, Tohyama M.
1992. Axonal blockade induces the expression of vaso-
active intestinal polypeptide and galanin in rat dorsal
root ganglion neurons. Brain Res 577:19-28.

Journal of Neurobiology. DOI 10.1002/neu



14 Shoemaker et al.

Kato R, Kiryu-Seo S, Kiyama H. 2002. Damage-induced
neuronal endopeptidase (DINE/ECEL) expression is re-
gulated by leukemia inhibitory factor and deprivation of
nerve growth factor in rat sensory ganglia after nerve
injury. J Neurosci 22:9410-9418.

Keen P, Nielsch U, Watts PA. 1989. An investigation into
the mechanism of induction of vasoactive intestinal pep-
tide gene expression in rat sensory neurones following
nerve injury. J Physiol 410:62P.

Knyihar-Csillik E, Kreutzberg GW, Raivich G, Csillik B.
1991a. Vasoactive intestinal polypeptide in dorsal root
terminals of the rat spinal cord is regulated by the axo-
plasmic transport in the peripheral nerve. Neurosci Lett
131:83-87.

Knyihar-Csillik E, Kreutzberg GW, Raivich G, Csillik B.
1991b. A case for transmitter plasticity at the molecular
level: axotomy-induced VIP increase in the upper spinal
dorsal horn is related to blockade of retrograde axoplas-
mic transport of nerve growth factor in the peripheral
nerve. Acta Histochem 91:77-83.

Kohn J, Aloyz RS, Toma JG, Haak-Frendscho M, Miller FD.
1999. Functionally antagonistic interactions between the
trkA and p75 neurotrophin receptors regulate sympathetic
neuron growth and target innervation. J Neurosci 19:
5395-5408.

Korsching S, Thoenen H. 1983. Quantitative demonstration
of the retrograde axonal transport of endogenous nerve
growth factor. Neurosci Lett 39:1-4.

Korsching S, Thoenen H. 1985. Developmental changes of
nerve growth factor levels in sympathetic ganglia and
their target organs. Dev Biol 126:40-46.

Langley JN. 1895. On the regeneration of pre-ganglionic
and post-ganglionic visceral fibres. J Physiol 222:215—
230.

Lee AC, Yu VM, Lowe JB 3rd, Brenner MJ, Hunter DA,
Mackinnon SE, Sakiyama-Elbert SE. 2003. Controlled
release of nerve growth factor enhances sciatic nerve
regeneration. Exp Neurol 184:295-303.

Levi-Montalcini R, Angeletti PU. 1963. Essential role of
the nerve growth factor in the survival and maintenance
of dissociated sensory and sympathetic embryonic nerve
cells in vitro. Dev Biol 7:653-659.

Levi-Montalcini R, Booker B. 1960. Destruction of the
sympathetic ganglia in mammals by an antiserum to a
nerve growth protein. Proc Natl Acad Sci USA 46:384—
391.

Lieberman AR. 1971. The axon reaction: a review of the
principal features of perikaryal responses to axon injury.
Int Rev Neurobiol 14:49-124.

McQuarrie IG, Grafstein B. 1973. Axon outgrowth enhanced
by a previous nerve injury. Arch Neurol 29:53-55.

Mohiuddin L, Delcroix JD, Fernyhough P, Tomlinson DR.
1999. Focally administered nerve growth factor sup-
presses molecular regenerative responses of axotomized
peripheral afferents in rats. Neurosci 91:265-271.

Nagata Y, Ando M, Takahama K, Iwata M, Hori S, Kato
K. 1987. Retrograde transport of endogenous nerve
growth factor in superior cervical ganglion of adult rats.
J Neurochem 49:296-302.

Journal of Neurobiology. DOI 10.1002/neu

Nakagomi S, Suzuki Y, Namikawa K, Kiryu-Seo S,
Kiyama H. 2003. Expression of the activating transcription
factor 3 prevents c-jun N-terminal kinase-induced neuro-
nal death by promoting heat shock protein 27 expression
and Akt activation. J Neurosci 23:5187-5196.

Neumann S, Woolf CJ. 1999. Regeneration of dorsal col-
umn fibers into and beyond the lesion site following
adult spinal cord injury. Neuron 23:83-91.

Niwa H, Hayakawa K, Yamamoto M, Itoh T, Mitsuma T,
Sobue G. 2002. Differential age-dependent trophic re-
sponses of nodose, sensory, and sympathetic neurons to
neurotrophins and GDNF: potencies for neurite exten-
sion in explant culture. Neurochem Res 27:485-496.

Nja A, Purves D. 1978. The effects of nerve growth factor
and its antiserum on synapses in the superior cervical
ganglion of the guinea-pig. J Physiol 277:455-475.

Orike N, Thrasivoulou C, Cowen T. 200la. Serum-free
culture of dissociated, purified adult and aged sympa-
thetic neurons and quantitative assays of growth and sur-
vival. J Neurosci Methods 106:153—-160.

Orike N, Thrasivoulou C, Wrigley A, Cowen T. 2001b.
Differential regulation of survival and growth in adult
sympathetic neurons: an in vitro study of neurotrophin
responsiveness. J Neurobiol 47:295-305.

Palmatier MA, Hartman BK, Johnson EM. 1984. Demon-
stration of retrogradely transported endogenous nerve
growth factor in axons of sympathetic neurons. J Neuro-
sci 4:751-756.

Paravicini U, Stoeckel K, Thoenen H. 1975. Biological im-
portance of retrograde axonal transport of nerve growth
factor in adrenergic neurons. Brain Res 84:279-291.

Pilar G, Landmesser L. 1972. Axotomy mimicked by local-
ized colchicine application. Science 177:1116-1118.

Purves D. 1975. Functional and structural changes in mam-
malian sympathetic neurones following interruption of
their axons. J Physiol 252:429-463.

Purves D. 1976. Functional and structural changes in mam-
malian sympathetic neurones following colchicine appli-
cation to post-ganglionic nerves. J Physiol 259:159-175.

Purves D, Thompson W. 1979. The effects of post-gangli-
onic axotomy on selective synaptic connexions in the
superior cervical ganglion of the guinea-pig. J Physiol
297:95-110.

Raivich G, Hellweg R, Kreutzberg GW. 1991. NGF receptor-
mediated reduction in axonal NGF uptake and retrograde
transport following sciatic nerve injury and during regen-
eration. Neuron 7:151-164.

Ramon y Cajal S. 1928. Degeneration and regeneration of
the nervous system. London: Oxford University Press.
769 p.

Rao MS, Sun Y, Escary JL, Perreau J, Tresser S, Patterson
PH, Zigmond RE, et al. 1993. Leukemia inhibitory fac-
tor mediates an injury response but not a target-directed
developmental transmitter switch in sympathetic neu-
rons. Neuron 11:1175-1185.

Riccio A, Ahn S, Davenport CM, Blendy JA, Ginty DD.
1999. Mediation by a CREB family transcription factor
of NGF-dependent survival of sympathetic neurons. Sci-
ence 286:2358-2361.



Riccio A, Pierchala BA, Ciarallo CL, Ginty DD. 1997. An
NGF-TrkA-mediated retrograde signal to transcription fac-
tor CREB in sympathetic neurons. Science 277:1097—
1100.

Rich KM, Alexander TD, Pryor JC, Hollowell JP. 1989.
Nerve growth factor enhances regeneration through sili-
cone chambers. Exp Neurol 105:162-170.

Rich KM, Yip HK, Osborne PA, Schmidt RE, Johnson EM
Jr. 1984. Role of nerve growth factor in the adult dorsal
root ganglia neuron and its response to injury. J Comp
Neurol 230:110-118.

Richardson PM, Verge VM. 1987. Axonal regeneration in
dorsal spinal roots is accelerated by peripheral axonal
transection. Brain Res 411:406-408.

Ruit KG, Osborne PA, Schmidt RE, Johnson EM Jr, Snider
WD. 1990. Nerve growth factor regulates sympathetic
ganglion cell morphology and survival in the adult
mouse. J Neurosci 10:2412-2419.

Saunders NR. 1972. Lack of effect of nerve growth factor
on peripheral sensory nerve regeneration. In: Zaimis E,
Knight J, editors. Nerve growth factor and its antiserum.
London: Athlone Press, p 116-122.

Segal RA, Greenberg ME. 1996. Intracellular signaling
pathways activated by neurotrophic factors. Annu Rev
Neurosci 19:463-489.

Shadiack AM, Sun Y, Zigmond RE. 2001. Nerve growth
factor antiserum induces axotomy-like changes in neuro-
peptide expression in intact sympathetic and sensory
neurons. J Neurosci 21:363-371.

Shadiack AM, Vaccariello SA, Sun Y, Zigmond RE. 1998.
Nerve growth factor inhibits sympathetic neurons’ re-
sponse to an injury cytokine. Proc Natl Acad Sci USA 95:
7727-7730.

Shoemaker SE, Hyatt Sachs H, Vaccariello SA, Zigmond
RE. 2005a. A conditioning lesion enhances sympathetic
neurite outgrowth. Exp Neurol 194:432-443.

Shoemaker SE, Hyatt Sachs H, Vaccariello SA, Zigmond
RE. 2005b. Antiserum to nerve growth factor (NGF) indu-
ces a conditioning lesion-like effect. Program No. 28.14.
Abstract Viewer and Itinerary Planner. Washington, DC:
Society for Neuroscience. Online.

Skene JHP, Willard M. 1981. Characteristics of growth-
associated polypeptides in regenerating toad retinal gan-
glion cell axons. J Neurosci 1:419-426.

Smeyne RJ, Klein R, Schnapp A, Long LK, Bryant S,
Lewin A, Lira SA, et al. 1994. Severe sensory and sym-
pathetic neuropathies in mice carrying a disrupted Trk/
NGF receptor gene. Nature 17:246-249.

Smith DS, Skene JHP. 1997. A transcription-dependent
switch controls competence of adult neurons for distinct
modes of axon growth. J Neurosci 17:646-658.

Snider WD, Elliott JL, Yan Q. 1992. Axotomy-induced
neuronal death during development. J Neurobiol 23:1231—
1246.

Stockel K, Paravicini U, Thoenen H. 1974. Specificity of
the retrograde axonal transport of nerve growth factor.
Brain Res 76:413-421.

Sun Y, Landis SC, Zigmond RE. 1996. Signals triggering
the induction of leukemia inhibitory factor in sympa-

NGF and the Conditioning Lesion Effect 15

thetic superior cervical ganglia and their nerve trunks af-
ter axonal injury. Mol Cell Neurosci 7:152-163.

Sun Y, Rao MS, Zigmond RE, Landis SC. 1994. Regula-
tion of vasoactive intestinal peptide expression in sym-
pathetic neurons in culture and after axotomy: the role
of cholinergic differentiation factor/leukemia inhibitory
factor. J Neurobiol 25:415-430.

Sun Y, Zigmond RE. 1996a. Involvement of leukemia in-
hibitory factor in the increases in galanin and vasoactive
intestinal peptide mRNA and the decreases in neuropep-
tide Y and tyrosine hydroxylase mRNA in sympathetic
neurons after axotomy. J Neurochem 67:1751-1760.

Sun Y, Zigmond RE. 1996b. Leukaemia inhibitory factor
induced in the sciatic nerve after axotomy is involved in
the induction of galanin in sensory neurons. Eur J Neurosci
8:2213-2220.

Tafreshi AP, Zhou XF, Rush RA. 1998. Endogenous nerve
growth factor and neurotrophin-3 act simultaneously to en-
sure the survival of postnatal sympathetic neurons in vivo.
Neurosci 83:373-380.

Taniuchi M, Clark HB, Johnson EM Jr. 1986. Induction of
nerve growth factor receptor in Schwann cells after axot-
omy. Proc Natl Acad Sci USA 83:4094—-4098.

Tham S, Dowsing B, Finkelstein D, Donato R, Cheema
SS, Bartlett PF, Morrison WA. 1997. Leukemia inhibi-
tory factor enhances the regeneration of transected rat
sciatic nerve and the function of reinnervated muscle.
J Neurosci Res 47:208-215.

Thoenen H, Barde Y-A. 1980. Physiology of nerve growth
factor. Physiol Rev 60:1284—1335.

Van der Zee CE, Rashid K, Le K, Moore KA, Stanisz J,
Diamond J, Racine RJ, et al. 1995. Intraventricular admin-
istration of antibodies to nerve growth factor retards kin-
dling and blocks mossy fiber sprouting in adult rats. J Neu-
rosci 15:5316-5323.

Verge VM, Merlio JP, Grondin J, Ernfors P, Persson H,
Riopelle RJ, Hokfelt T, et al. 1992. Colocalization of
NGF binding sites, trk mRNA, and low-affinity NGF re-
ceptor mRNA in primary sensory neurons: responses to
injury and infusion of NGF. J Neurosci 12:4011-4022.

Verge VM, Richardson PM, Wiesenfeld-Hallin Z, Hokfelt T.
1995. Differential influence of nerve growth factor on neu-
ropeptide expression in vivo: a novel role in peptide sup-
pression in adult sensory neurons. J Neurosci 15:2081—
2096.

Verge VM, Riopelle RJ, Richardson PM. 1989. Nerve
growth factor receptors on normal and injured sensory
neurons. J Neurosci 9:914-922.

Walsh GS, Krol KM, Kawaja MD. 1999. Absence of the p75
neurotrophin receptor alters the pattern of sympathosen-
sory sprouting in the trigeminal ganglia of mice overex-
pressing nerve growth factor. J Neurosci 19:258-273.

White DM, Mansfield K, Kelleher K. 1996. Increased neu-
rite outgrowth of cultured rat dorsal root ganglion cells
following transection or inhibition of axonal transport of
the sciatic nerve. Neurosci Lett 208:93-96.

Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME.
1995. Opposing effects of ERK and JNK-p38 MAP
kinases on apoptosis. Science 270:1326—1331.

Journal of Neurobiology. DOI 10.1002/neu



16 Shoemaker et al.

Yasuda T, Sobue G, Ito T, Mitsuma T, Takahashi A. 1990.
Nerve growth factor enhances neurite arborization of
adult sensory neurons; a study in single-cell culture.
Brain Res 524:54-63.

Young C, Miller E, Nicklous DM, Hoffman JR. 2001.
Nerve growth factor and neurotrophin-3 affect functional
recovery following peripheral nerve injury differently.
Restor Neurol Neurosci 18:167-175.

Zang DW, Cheema SS. 2003. Leukemia inhibitory factor
promotes recovery of locomotor function following spi-
nal cord injury in the mouse. J Neurotrauma 20:1215—
1222.

Zhou XF, Chie ET, Deng YS, Rush RA. 1997. Rat ma-
ture sympathetic neurones derive neurotrophin 3 from
peripheral effector tissues. Eur J Neurosci 9:2753—
2764.

Journal of Neurobiology. DOI 10.1002/neu

Zhou XF, Rush R. 1995. Sympathetic neurons in neonatal
rats require endogenous neurotrophin-3 for survival. J Neu-
rosci 15:6521-6530.

Zhou XF, Rush RA. 1996. Endogenous nerve growth factor
is required for regulation of the low affinity neurotrophin
receptor (p75) in sympathetic but not sensory ganglia.
J Comp Neurol 372:37-48.

Zhou XF, Zettler C, Rush RA. 1994. An improved proce-
dure for the immunohistochemical localization of nerve
growth factor-like immunoreactivity. J Neurosci Methods
54:95-102.

Zigmond RE, Hyatt-Sachs H, Mohney RP, Schreiber RC,
Shadiack AM, Sun Y, Vaccariello SA. 1996. Changes in
neuropeptide phenotype after axotomy of adult periph-
eral neurons and the role of leukemia inhibitory factor.
Perspect Dev Neurobiol 4:75-90.



